INTRODUCTION
Flexible polyurethane foam (PUF) has recently been widely used in many sectors of industry and the national economy. The principal shortcomings of modern PUF articles include low heat resistance and increased flammability. At present the problem of increasing the flame resistance of PUF is urgent and affects many areas of modern polymer chemistry, production technology, the physics of combustion of condensed systems, the ecology of the environment, medicine, and toxicology. In the present work, systems of PUF with a nanodispersed level of filling with laminar aluminosilicates were produced and investigated.
Polymeric nanocomposites are materials possessing unique properties by comparison with normally filled polymers. The term "nanocomposites" relates to a twophase material where one of the phases is distributed in the other at a nano (10 -9 m) level.
Polymeric nanocomposites based on laminar-type aluminosilicates contain polymer molecules introduced into the interlayer space, forming filled silicates. In this case the hydrated ions of alkali or alkaline earth metals have a positive effect, neutralising the negative charge that is introduced by the isoamorphous structures, replacing the Mg or Al cations within the silicate. The introduction of polymer molecules leading to so-called "inclusion hybrids" can proceed in the course of the replacement of hydrated molecules contained in the interlayer space by molecules of polymers containing functional groups possessing an ion-dipole moment.
Polymer-clay composites can be divided into three main types (Figure 1) : the standard composite, where the clay acts as a normal filler, the intercalated nanocomposite, consisting of regular polymer fragments located between layers of clay, and the delaminated nanocomposite, where layers with a thickness of nanometre order are distributed in the matrix, forming a monolithic microscale structure. The latter type is of particular interest, because it supposes the maximum interaction of the polymer with clay, making the surface of the layers accessible to the polymer. This should lead to the most serious changes in the mechanical and physical properties.
Montmorillonite is a natural phyllosilicate that has the same laminar and crystalline structure as talc and mica but differs in the charge of the layer [1] . The crystal lattice consists of thin layers of 1 nm thickness with a central octahedron of aluminium that is positioned between two outer tetrahedra of silicon (in such a way that oxygen atoms belonging to the octahedron also belong to a silicon tetrahedron) (Figure 2) . Isomorphous replacement within the layers (for example, Al 3+ replaced by Mg 2+ or Fe 2+ ) creates a negative charge, determined by the exchange capacity, which for montmorillonite amounts to 0.9-1.2 mequ/g, depending on the deposit of the mineral. These layers are self-organised into parallel stacks with regular spaces between them, referred to as interlayer space or galleries. In original form, their additional negative charge is compensated for by cations (Na + , Li + , Ca 2+ ) that exist in the interlayer space in hydrated form.
It is obvious that, in this original state, montmorillonite is capable of mixing only with hydrophilic polymers, for example with polymers such as polyethylene oxide and polyvinyl alcohol [2] . To give the montmorillonite organophilic properties, with the aim of combining it with other polymers, it is necessary to replace the alkali metal cations with organic cations of surfactants such as alkylammonium [3] . A characteristic feature of montmorillonite-type clays is their ability to absorb certain cations and to hold them in the interlayer space. This means that these intercalated cations can be replaced during treatment by other cations in aqueous solution. As shown, this reaction is dependent on the nature of the X + and Y + cations on their relative concentrations and on secondary reactions. Although the equation described above does not satisfy the quantitative conditions of the law of masses, the equilibrium of the reaction can be shifted to the right with increase in the concentration of Y + cations. The cation exchange process consists in diffusion of an ion which replaces an ion existing on the cation exchange section. As assumed, this takes place in two stages [4] :
• diffusion from solution into a microparticle of the clay;
• diffusion directly into the interlayer space of the clay particle.
For the given clay, the maximum number of cations that can be absorbed is a constant quantity and is known as the cation exchange capacity. It is measured in milliequivalents per gramme (mequ/g) or, more commonly, per 100 grammes (mequ/100 g). The cation exchange capacity is measured at pH = 7 and for montmorillonite amounts to 80-150 mequ/100 g.
For high-quality distribution of clay in the polymer it is necessary to use combining agents. The role of the combining agent is similar to that of a surfactant. A surfactant molecule consists of a hydrophilic and an organophilic part. In the case of the synthesis of nanocomposites, this makes it possible to distribute the clay evenly in the polymer.
The first combining agents to be used in the synthesis of nanocomposites (nylon-6-clay hybrids) were amino acids [5] . Since that time, many other types of combining agent have been used for the synthesis of nanocomposites. The most popular of them are alkylammonium ions on account of their being readily exchanged with ions positioned between layers. Silanes are used because of their ability to react with hydroxyl groups located possibly on the surface and on the faces of the clay layers.
Montmorillonite modified with long-chain alkylammonium ions can be distributed in polar organic liquids, forming a gel structure with a high liquid content. This property was first discovered by Jordan [6] and later confirmed by Weiss [7] . Alkylammonium ions can easily be introduced into the interlayer space and are a good alternative to amino acids for the synthesis of nanocomposites. The alkylammonium ions are based on a primary alkylamine placed in an acidic medium to add protons to the amino group. The basic formula is CH 3 -(CH 2 ) n -NH 3 + , where n = 1-18. It is interesting to address the fact that the length of the ammonium ions has a strong influence on the final structure of the nanocomposites. Lanet showed [8] , for example, that alkylammonium ions with a long chain of more than eight carbon atoms are preferable for the synthesis of delaminated nanocomposites, whereas alkylammonium ions with shorter chains lead to the formation of intercalated nanocomposites. Alkylammonium ions based on secondary amines are also widely used.
The cation exchange process of linear alkylammonium ions is shown in Figure 3 . Depending on the charge density of the clay layer, alkylammonium ions form different structures between the clay layers [9] (single layers, double layers, pseudotrimolecular layers, and paraffin-type layers). In Figure 3 , alkylammonium ions form a paraffin-type structure (clay with a high layer charge density) where the space between the clay layers increases by 10 Å. Alkylammonium ions make it possible to lower the surface energy of the clay, so that organic molecules with different polarity can be introduced between the clay layers.
Giannelis et al. applied this technology to mixtures of polymer melts with clays without using organic solvents [10] . Since that time, the great potentialities of industrial applications have been the motivation for active investigations which have shown parallel increases in many properties of the materials of nanodispersions of inorganic laminar fillers. At the same time, properties of these materials were found that could not be realised using normal fillers, e.g. fire retardation and improvement in barrier properties [11] .
There have been several mechanisms proposed that examine the effect of laminar silicates on the pyrolysis and fireproofing properties of polymers. The first of them consists in increased coking on the surface of polymeric nanocomposites under conditions of high-temperature heating. It is generally accepted that the coke layer is a diffusion barrier which prevents oxygen from getting to the surface of the polymer, and also the diffusion of gaseous pyrolysis products (fuel) from the polymer. Besides this, the coke layer is a thermal barrier lowering heat generation from the burning surface of the composite. On the other hand, at higher temperatures, an inorganic additive is capable of acting as a "trap" for radicals owing to adsorption on the weakly acidic aluminosilicate layers. This may interrupt the high-temperature process of radical-chain reactions of combustion, since the radicals take part in the development of a chain of thermal degradation of the polymer and create hydrocarbon fragments of fuel. The unordered nanocomposite may also slow down the diffusion of oxygen and combustible fuel by increasing the time and path of their passage to the flame front. The length of the path increases on account of the developed surface of the silicate (roughly 700 m 2 /g for Na + of montmorillonite [12] . There is also a possibility of catalytic acceleration of the decomposition of the polymer on the active surface of the aluminosilicate, which may change the entire mechanism of thermal decomposition.
EXPERIMENTAL
In the present work an investigation was made of moulded flexible polyurethane foam (PUF) and its nanocomposites based on organically modified bentonite (OB).
The flexible polyurethane foam was synthesised by the "two-component" procedure. Component "A" is a mixture of a polyol (Laprol 5003-2B-10 grade produced by the "Nizhnekamskneftekhim" Open Joint Stock Company), a catalyst (triethylenediamine), water, and a stabiliser (organosilicon surfactant). Component "B" is a mixture of toluylene diisocyanate (T-80) and polyisocyanate (PITs-B) produced by the "Korund" Research and Production Association. Components A and B were taken in a ratio of 100:40 and mixed using a turbine stirrer (1400 r/min). The mixture was poured into a mould where its foaming and maturation occurred over a period of 15 min.
A polyurethane foam nanocomposite was synthesised by the in situ polycondensation of polyol intercalated in OB and free diisocyanate by a well-known two-stage scheme [13] . The polyol was premixed with organomodified bentonite for 1 h. Then a nanocomposite specimen was obtained by the procedure described above.
CHARACTERISTICS
X-ray diffraction analysis (XDA) of the obtained nanocomposite of PUF and initial organobentonite was carried out on a Phillips diffractometer using CuK α radiation (λ = 0.1540562 nm).
From the data of X-ray diffraction analysis, an interlayer distance for organically modified bentonite of 3.5 nm (the first peak on the OB curve) was calculated. When mixed with polyol, organobentonite is entirely exfoliated (the nanoPUF curve). Pyrolysis of specimens of pure PUF and a nanocomposite based on it was carried out at temperatures of 250 and 500°C in a pyrolytic cell in air with a flowrate of ~40 ml/min. The gas flow with pyrolysis products was passed through a trap with hexane, cooled to 0°C.
Chromato-mass spectrometric analysis of the products of thermal degradation of PUF composites was carried out on a complex of instruments including a Varian 3300 gas chromatograph and a Finnigan MAT ITD 800 mass spectrometric detector of the "ion trap" type. Separation was carried out on a quartz capillary column of 30 m length and 0.32 mm internal diameter with DB-5 stationary phase (phenylmethylsilicone, film thickness 0.25 µm). The column temperature was raised from 50 to 270°C at a rate of 10 K/min, and the temperature of the injector was 200°C. Helium was used as the carrier gas, and the carrier gas pressure at the inlet was 0.1 MPa. A quantity of 1 µl of the sample was introduced into the chromatograph without dividing the flow; the time before the start of blowing of the unit for introducing the sample was 30 s. Mass spectra were recorded during electron impact ionisation with an energy of 70 eV, the scanning rate was 1 mass spectrum/min, and the scanning range was 40-650 amu. The mass spectra were identified using a data processing system based on the Wiley275 library.
Analysis of the heat evolution rate was carried out on a Mettler T300 digital analytical balance using spherical specimens of initial PUF and of a PUF nanocomposite. The specimens were ignited in air under ambient conditions. The external heat flow was brought to zero. The heat of combustion of the polymers was calculated using the principle of molar additivity of the heats of formation and the heats of combustion of the products and reagents (PhysProps 1.6 by G & P Engineering Software Co.). In practice, the heat of combustion of the reaction can be calculated by calculating the heat of formation of products from the heat of formation of reagents:
For polymeric compounds, the molar heat of formation can be estimated by summating the molar contributions of the chemical groups comprising the monomer or the recurring unit of the polymer.
RESULTS AND DISCUSSION
Thermochemical calculations of the molar heat of combustion according to the principle of molar additivity of the heats of formation of products and reagents possess greater accuracy than calculations based on the determination of the oxygen consumption for the combustion of the polymers under study. This is unsurprising, since the contributions of the groups to the heats of formation were originally determined from the molar heats of combustion of materials of known composition. The total heats of combustion of polyurethanes of known chemical composition were measured and calculated. The differences between the experimental values of the molar and total heats of combustion and thermochemical calculation of these quantities from the heats of formation and the oxygen consumption amount to about 50%. Thermochemical calculation was based on the complete combustion of PUF:
The heats of combustion of PUF and the PUF nanocomposite were calculated using PhysProps 1.6 and amounted to 5.36 MJ/kg:
Laboratory calorimeters have recently been developed that use the principle of oxygen consumption for determining the heat evolution rate of burning materials. The principle of oxygen consumption is based on the fact that the combustion of a wide series of organic compounds and most polymers amounts roughly to 13.1 ± 0.7 kJ heat per gramme diatomic oxygen irrespective of the chemical composition of the organic compound. Oxygen consumption is a unique means of measuring heat evolution without affecting the detailed nature of the type of fuel. The oxygen consumption calorimeter measures the heat evolution during the combustion of volatile products of decomposition of the polymer and the total heat of combustion which can be presented as c,µ are the heats of total combustion for the gaseous compounds, polymer, and coke respectively, and µ is the proportion of coke. The heats of combustion for gaseous compounds may differ considerably from the heats of combustion of the polymer and coke, and therefore the heats of combustion of the polymer will not be used in calculating the effective flammability of the material.
The experimentally observed level of minimum radiation below which combustion is not maintained amounts roughly to 20 kW/m 2 [14] . The critical level of radiation that is obtained from experimental data amounts to 12.6 kW/m 2 . The difference between the minimum and critical radiation for this type of material was explained earlier by Janssen [15] .
The time of ignition of polyurethane foam is very short (2-6 s). In calorimetric tests, the heat of combustion can be obtained as the ratio of the rate of heat evolution to the T/46 rate of weight loss. The approach presented was based on the modelling of the analysis of heat evolution using weight loss data and calculated heats of combustion. Empirical calculation is necessary for comparing laboratory data with full-scale tests. This is normally fulfilled by normalising the surface of the specimen. In the present case, the surface area amounted to 1 cm 2 :
where q full-scale is the total rate of heat evolution at time t, q″ laboratory is the rate of heat evolution in laboratory tests, and S(t) is the area of the specimen that, within this time, has ignited and been engulfed in flame but nonetheless does not burn.
Figures 5 and 6 present the results of laboratory flammability testing obtained for polyurethane foam. Spherical PUF specimens were ignited, and, as they burned, weight loss data were recorded. In the same way, data for the PUF nanocomposite were obtained. The magnitude of the maximum rate of weight loss of a specimen with a surface area of 1 cm 2 was obtained by approximation of the maximum rate of weight loss (of PUF and nanoPUF) as a function of time according to an exponential equation (Figures 7 and 8) .
The magnitude of the maximum rate of heat evolution was assessed using the relatioṅ′
where m″ laboratory is the rate of weight loss and ∆H combustion is the effective heat of combustion (kJ/kg).
The effective heat of combustion for PUF and the PUF nanocomposite was calculated using PhysProps 1.6 software by G & P Engineering Software Co. Figure 9 depicts values of the maximum rate of heat evolution for PUF and the PUF nanocomposite. These data show a reduction in the maximum rate of heat evolution for the PUF nanocomposite of roughly 40% by comparison with the initial PUF.
During the burning of the nanocomposite specimen, a coke layer is formed on its surface from the very start, which layer acts as a thermal and diffusion barrier on the path of flame front propagation. The formation of a carbonised layer on the surface of the polymer is a feature of all nanocomposites studied to date.
ECOLOGICAL PROBLEMS OF ISOCYANATES AND PYROLYSIS OF POLYURETHANE NANOCOMPOSITES
In the production of polyurethanes, isocyanates are used. It is known that the direct action of isocyanates on the human body leads to respiratory illnesses of different nature. During the thermal breakdown of polyurethanes, amines and aminoisocyanates are formed along with isocyanates. Some isocyanates and aromatic amines are dangerous carcinogenic compounds.
Isocyanates comprise a group of reactive compounds that are widely used in industry, chiefly in the production of polyurethanes (Figure 10) . The industrial use of polyurethanes, begun in the middle of the twentieth century, led to the emergence of occupational illnesses connected with the use of isocyanates [16, 17] . Today, many people are still being exposed to isocyanates in spite of all health and safety requirements [18, 19] .
The most commercially employed isocyanates are toluylene diisocyanate (TDI) and methanediphenyl diisocyanate (MDI), together with polymeric MDI containing a mixture of oligomeric homologues of MDI [23] . TDI is used mainly to produce flexible block polyurethane foams, elastomers, and coatings. Polymeric MDI is used to produce rigid polyurethane foam, as a binder for the production of chipboard, and for the production of flexible moulded PUFs. The MDI is used for the production of microcellular PUF. More expensive aliphatic diisocyanates are used mainly for the production of light-stable polyurethane coatings.
The action of isocyanates is felt mainly in polyurethane production. Numerous isocyanates of different purity, which contain a complex of isomers and homologues, are commercially available. The different compounds that are formed while polyurethanes are in use (for example, as a result of thermal breakdown) are even more complex in composition: these include isocyanates, aminoisocyanates, amines, and others.
During the production of polyurethane foams, gaseous isocyanates may evaporate into the atmosphere, and here the exothermic reaction of thermo-oxidative breakdown will promote an increase in this emission. The action of TDI occurs during the manufacture of flexible PUF [21, 22] . The action of MDI in the production of flexible PUF has been described by Kaaria et al. [22] .
Owing to the low evaporability of MDI, its airborne concentration in PUF production is much lower than that of TDI. Therefore, owing to their low vapour pressure, MDIs are used for the spraying of PUF, but in this case a high isocyanate concentration may build up in the working zone [23, 24] .
The urethane bond in a PU polymer will break down at temperatures of 150-200°C [25] . During the thermal breakdown of PU, the action of diisocyanates can occur both in gas and in solid phase [26] .
EFFECT ON HEALTH
Isocyanates cause irritation of the respiratory tracts, and here some symptoms of occupational illnesses are coughing, rhinitis, and lung infection [19] . Isocyanates are the normal cause of occupational asthma [27, 28] . Methyl isocyanate irritates the respiratory tract, and also the eyes and skin. As shown, it is a reproductive poison and causes a risk of chronic illnesses [29] . The action of methyl isocyanate was studied in most detail at the time of the tragic disaster in Bhopal, India. The carcinogenic effect of TDI and MDI has been studied on animals, but only TDI is classified as a possible carcinogen. Aliphatic amines such as hexamethyldiamine are classified as moderately toxic [30] .
PYROLYSIS AND MASS SPECTROMETRIC ANALYSIS
The aim of this study was to investigate the formation of potentially carcinogenic toluylenediamine (TDA), toluylene diisocyanate, and toluylene isocyanate (TI) as a result of the breakdown of PUF and the PUF nanocomposite.
Figures 11 and 12 depict chromatograms of PUF at 250 and 500°C in air. The breakdown products were identified by comparing the mass spectra with the Wiley275 database ( Table 1) . Neither in the PUF nor in the PUF nanocomposite was a sufficient amount of TDA and TDI found for identification. However, two isomers of toluylene isocyanate -1-isocyanate-2-methylbenzene (TI-2) and 1-isocyanate-4-methylbenzene (TI-4) were found in the extract of both PUF specimens during pyrolysis at 500°C. Figure 13 shows the mass spectra of TI-2 and TI-4. These data show that the formation of TI-2 and TI-4 during pyrolysis of the PUF specimen is 40% higher than during pyrolysis of the PUF nanocomposite specimen. All the breakdown products were classified in seven special groups (Figure 14 ):
• Group 1: 4-hydroxybutan-2-one, 4-hydroxyhexan-2-one, 5-methyl-3-hexanol, 2-acetoxy-1-propanol, hexane-1-propoxy, 7-octen-2-one, and dioxolane.
• Group 2: Aliphatic derivatives.
• Group 3: 1-Isocyanato-2-methylbenzene, 1-isocyanato-4-methylbenzene.
• Group 4. Isobutyl isocyanate, 2-methyl-3-oxopropionamide.
• Group 5. Metaxylene, styrene, ethylmethylbenzene, 2-phenylbutadiene, cyclopropylidenemethylbenzene.
• Group 6: Indene, naphthalene, naphthalene-1-methyl, naphthalene-2-methyl, naphthalenemethylethyl, biphenyl.
• Group 7. Trans-pinane, decahydro-2-methylnaphthalene.
• Group 8: Unidentified products.
Analysis of the breakdown products showed that depolycondensation and reactions with the urethane functional group occur to a lesser extent for the PUF nanocomposite than for pure PUF, i.e. reorientation of the mechanism of thermal breakdown occurs. The nanostructure prevents the formation of toxic diisocyanates -TI-2 and TI-4. The polymeric nanocomposites obtained can apply to promising ecologically safe systems of reduced flammability. A new approach to reduction in the flammability of PUF can be extended successfully to other polymeric materials.
